Most CO 2 removal systems at the thermal power plants demand the vast energy of the steam for the power generation, which lowers the performance and increases the cost. Therefore reducing the energy consumption is inevitable for introducing the CO 2 removal system into the thermal power plant.
operational costs. Therefore, more economical systems are strongly demanded. In early 2011 Toshiba had proven the least energy consumption of 2.6GJ/t-CO 2 or less at our 10t-CO 2 /day pilot plant.
Toshiba has been supplying many efficient steam turbine cycles for thermal and nuclear power plants all over the world. Since 2007 we have also been concentrating the development of post-combustion CO 2 capture system for contributing the global environmental problem [1] , [2] .
We are pushing through the post-combustion carbon dioxide capture because it can be employed in rather short period and can be applied for both retrofit and new power plants. Toshiba will be able to supply the low cost CCS installed thermal power plants by integrating power generation, flue gas treatment and CCS system.
Fundamental research and development
The scope of our R&D activities is shown in Fig. . In order to screen the solvents, the thermodynamic system simulations and the measurement of the fundamental properties of solvents have been carried out. Then the bench-scale test and thermodynamic system simulation to decide the operating condition have been done for the promising candidate solvent. Finally we have designed the pilot plant using these results. For the future, we have been designing the full scale demonstration plant using the fruits of verification test at the pilot plant. In order to search for promising solvents, we carried out the thermodynamic simulations at the CO 2 absorption and desorption cycle shown in Fig. which includes an absorber, a stripper, and a lean/rich solvent heat exchanger. We estimated the consumed energy at the stripper under the conditions that the CO 2 concentration of the flue gas is 12 % and the CO 2 capture ratio from the flue gas is 90 %. Fig.3 shows the results of thermodynamic system simulation on the lowest heats consumed in the stripper for three amine solutions. The lowest heat consumed in the stripper for the general 30 weight% mono-ethanolamine (MEA) aqueous solution is 4.4GJ/t-CO 2 , which is nearly equal to the literature value [3] . The value for the aqueous 2-amino-2-methyl-l-propanol (AMP) solution is about 15% less than that of MEA solution. While our novel amine solvent called TS-1 (Toshiba Solvent 1) showed the value of about 37% less than that of MEA solution.
Then seven candidate solvents which are mixtures of TS-1 and an amine-based absorbent were evaluated. As shown in Fig.4 it was found that TS-1 mixed with an absorbent D (Toshiba Solvent 2, TS-2) was the lowest consumed heat in the stripper and its value became about 2.5 GJ/t-CO 2 . Besides two mixed solvents showed about 2.6 GJ/t-CO 2 .and other mixed solvents about 2.7 and 2.9 GJ/t-CO 2 each. 
2.2.Laboratory scale test
We have two laboratory loops shown in Fig.1 in order to measure fundamental properties of various kinds of solvent. They are not only liquid properties, such as the density, heat capacity, viscosity, but also VLE(Vapor Liquid Equilibrium), stripping enrgy of CO 2 and mass transfer coefficient. These measured values are used at the screening of the solvents by the thermodynamic system simulations, and at the evaluations of the degradation effects to solvent's performances. Figure 5 to 7 show the density, heat capacity, viscosity for TS-1, respectively. Figure 8 shows the VLE for 30wt% MEA, TS-1, and Ab-C (Absorbent-C) at the temperature of 40 and 120 degrees centigrade. Ab-C is a candidate, which contains a cyclic tertiary amine. Figure 9 shows the CO 2 recovery energy including the water evaporation heat for 30wt% MEA, TS-1, and Ab-C. We evaluated the CO 2 recovery energy depending on the data in Fig.8 and 9 . Figure10 show the value for TS-1 is 40% less than that of MEA, which is nearly equal to the value predicted using the thermodynamic simulation. The value for Ab-C is less than 27% less than that of MEA. TS-2 shows almost the same properties for TS-1.
2.3.Bench-scale tests
As the next step of the screening by the thermodynamic system simulations, evaluations using the bench-scale test facilities shown in Fig. were performed. The test facility realizes a complete absorption/desorption process which has the absorber with the diameter of 160 mm and the height of 6,000 mm, and the stripper with the diameter of 200 mm and the height of 3,600 mm. A flue gas of coalfired power plant was simulated by a mixture of air and CO 2 whose concentration is 12%. We optimized the space velocity of the simulated flue gas and the weight ratio of the solvent to the simulated flue gas in the absorber.
In the tests TS-1 showed the lowest energy consumed in the stripper was about 2.7GJ/t-CO 2 with 90% CO 2 removal, while TS-2 showed less than 2.5GJ/t-CO 2 . These results were nearly equal to the predicted values by the thermodynamic simulation shown in Fig.4 Then we evaluated the effect of SO 2 in the CO 2 absorption performance using another bench scale test facility at Tsinghua University under the Tsinghua-TOSHIBA collaboration research project. Figure 11 shows the time degradation of CO 2 absorption ratio using TS-1 under the simulated flue gas containing SO 2 , whose concentration is 300 ppm on the basis of volume.
The CO 2 absorption ratio decreased linearly at the rate of 0.1%/h with operation time. The SO 2 concentrations measured at the absorber exit were nearly zero during the operation. Therefore we consider that almost all the SO 2 supplied to the absorber were captured in the TS-1 solvent as SO 4 2-or SO 3 2-and formed the heat stable salt with amine. We evaluated the CO 2 absorption ratio as a function of the active amine ratio (see Fig.12 ). The CO 2 absorption ratio showed the linear relation to the active amine ratio, which confirmed the assumption. Table 1 , which introduces and works on the flue gas from the Mikawa coal fired thermal power plant located in Fukuoka, Japan, which is owned by Sigma Power Ariake Co.,Ltd. the subsidiary of Toshiba. The specification of the pilot plant is shown in Table 2 .
The appearance is shown in Fig.13 . As shown in Fig. 14 the flue gas of the power plant is introduced at the downstream of the existing FGD and supplied to the absorber via the additional FGD which remove most of the SO 2 in the flue gas. At the outlet of the stripper the steam contained in the produced gas is removed by the condenser and almost pure CO 2 gas can be obtained. Table 1 Schedule of pilot plant   Table 2 Pilot plant specification 
3.2.First demonstration tests
It has been operating continuously using the flue gas from the coal-fired power plant and the cumulative operating time reached 6,809 hours as shown in Fig 15. During this period, stable operations and the better performances of the CO 2 capture than those of the planning has been maintained.
While we have developed a novel amine solvent called TS-1 by our R&D activities since 2006. By using this TS-1, the energy consumption for CO 2 recovery at the reboiler had been kept between 3.2 and 3.3 GJ/t-CO 2 at the CO 2 capture ratio of around 90% shown in Fig.16 . Furthermore CO 2 capture ratio and captured CO 2 rate exceeded the planning values of 90 % and 10t-CO 2 /day each during continuous 3,000 hour operation as shown in Fig.17 . Fluctuations of these values in Fig.17 are due to those of the CO 2 concentration of the flue gas from the Mikawa power plant at the absorber inlet. On the other hand the concentrations of degraded substances, such as the carbonic acid, had been increasing within TS-1 solvent. But as shown in Fig.18 the increasing rate is much lower than other solvents, such as MEA during 3,000 hour operation. The VLE and the CO 2 recovery energy measured by the laboratory loop are showed in Fig.19 and 20 that the VLE at 40 shifted to the less CO 2 loading values after 2,800 hour operation and that at 120 was almost the same, but the CO 2 recovery energy decreased. As a result, the performances of the CO 2 capture have been kept during 3,000 hour operation. And no corrosion has been found in the pilot plant test piece. These results prove that Toshiba CO 2 capture system using TS-1 solvent is a promising system which has been realizing good performances and not degraded during its continuous operations under actual live flue gas. Based on the analysis of these test results, we had found the improved system structure of the pilot plant to reduce the consumed energy in the reboiler by the thermodynamic system simulation. Then we had redesigned and reconstructed the pilot plant. As shown in Fig.21 , the latest test results showed the least energy of 2.6 GJ/t-CO 2 , far less than 3.0 GJ/t-CO 2 , with exceeded values of 90% CO 2 capture ratio and 10t-CO 2 /day captured CO 2 rate by using our developed solvent TS-1. According to the heat loss tests and analysis, it is expected that the consumed energy would be reduced more 0.3 GJ/t-CO 2 by reinforcing the thermal insulation at the pilot plant, which means that the value of 2.3 GJ/t-CO 2 would be possible at larger scale commercial plants [4] , [5] .
It is the first time in the world that the consumed energy of much lower than 2.8-3.0 GJ/t-CO 2 has been proved at a 10t-CO 2 /day scale pilot plant using the actual flue gas of the coal fired power plant, not only by simulations. 
Conclusion
We have been continuing to search and screen the new candidates of the solvent including the derivatives containing the amino group in order to reduce the energy consumption and to enhance the durability and reliability.
From the recent concern about the environmental effects by the amine solvent, the prevention of the emissions from the top of the absorber and stripper is strongly required. Therefore we are planning to install the test apparatus at our pilot plant in this year to evaluate the quantities of the emitted amines and to find the effective measures.
One of Toshiba's great advantages is to have the pilot plant using the flue gas from the coal fired power plant. Based on the fundamental R&D activities, we can verify the improved performance and the environmental effects to realize a future commercial plant of well integrated with the power generation.
